Studies on membrane glycoproteins which have the RER as their final destination are comparatively rare; thus it has not been possible to examine the initial stages of protein compartmentalization. The roles of the RER and the Golgi apparatus in membrane protein sorting need to be elucidated. It has been suggested, for example, that RER proteins would be returned to the endoplasmic reticulum while the other species would collect in the trans aspect of the Golgi apparatus before being shuttled to their ultimate sites (Rothman, 1981) . Viral model systems for exploring RER membrane proteins have not yet been produced and such information as exists concerns ribophorin, a glycoprotein which is quite difficult to work with because of its low abundance and slow rate of turnover. Analogous to the plasma membrane studies, a RER-maturing virus could serve as a useful probe in the elucidation of the behaviour of membrane proteins. Because many lytic viruses completely shut off host RNA and protein synthesis, the addition of radioactive amino acids or sugars leads to the labelling of only virus-specified molecules, which are present in high abundance in the infected cells. The intracellular dynamics of molecules of interest can then be readily followed. This paper discusses various glycoproteins which are located in the RER and their carbohydrate processing. We also describe a new viral model, rotavirus, for studying the behaviour of membrane proteins.
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Results and discussion
Glucosidase and a-mannosidase processing of nascent V S V G protein oligosaccharides. There is at least one a(l-+2)-mannosidase in the RER as shown by studying the oligosaccharides of nascent vesicular stomatitis virus G protein using membrane bound polysomes of infected HeLa cells (Atkinson, 1978) . Nascent G protein from purified polysomes was pulse labelled for 15, 20, 30, 60 or 90min with [3H]mannose, and then exhaustively digested with Pronase to yield its glycopeptide constituents. The glycopeptides were purified by column chromatography utilizing [ ' T Imannose Sindbis virus glycopeptides as standard markers. Oligosaccharides of the 'high-mannose' type were released by digestion with endo-P-N-acetylglucosaminidase H (endoase-H) and the various sizes of glycopeptides and oligosaccharides were then separated by high resolution Biogel P4 chromatography (Hakimi & Atkinson, 1982) . The patterns of high-mannose-containing oligosacc harides were similar at the various labelling times and in a 90min labelling time consisted of the following species: Glc,Man,GlcNAc, GlczMan,GlcNAc, GlcMan,GlcNAc, Man,GlcNAc and Man,GlcNAc (Fig. Ib) . There were no complex oligosaccharides present. With increased labelling time or the administration of CCCP, an inhibitor of translocation from the RER to the Golgi apparatus (Godelaine et al., 1981) , for 70min after a 20min pulse labelling, Man,GlcNAc was observed to build up in significant Abbreviations used: CCCP, carbonyl cyanide m-phenylhydrazone; RER, rough endoplasmic reticulum. amounts of the nascent chains (Fig. la) . In completed chains, there was a similar accumulation of Man,GlcNAc in G protein located in the membranes of the rough microsomes. GlcMan,GlcNAc was the highest molecular weight oligosaccharide (data not shown). The use of cycloheximide, which prevents chain elongation, or valinomycin, an ionophore, did not alter the observed patterns.
Other RER glycoproteins. Rotavirus, a member of the Reoviridae family, is a lytic double-stranded RNA virus which has been shown by electron microscopy to assemble in the RER. The simian strain SA11 grows readily in tissue culture and comprises a genome of 1 1 segments coding for at least 12 polypeptides, five of which are structural and make up the double layered protein capsid ( Membrane-bound polysomes were prepared as previously described (Atkinson, 1978) and the size of the highmannose oligosaccharides on the nascent chains determined after endoglycosidase digestion as previously described (Hakimi & Atkinson, 1982 BIOCHEMICAL SOCIETY TRANSACTIONS tural protein (VP7) which is a component of the outer capsid and a 29000 dalton non-structural protein (NCVPS). Both contain N-linked high-mannose carbohydrate residues as illustrated by their sensitivity to tunicamycin and endo-fi-Nacetylglucosaminidase H (endoase H). VP7 from intact virus contains mostly Man,GlcNAc-and Man,GlcNAc,-Asn with some Man,GlcNAc- (Both et al., 1983~ ). Rotavirus SAll buds through the RER membrane and membrane enveloped particles have been observed in the lumen, though the membrane is later lost, giving rise to the naked encapsidated mature virus. VP7 and NCVPS have been shown to be associated with the RER membrane, both by subcellular fractionation, and immuno-electron microscopy.
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Fig. 2. Schematic of the salient structural features of rotavirus S A l l genome, structural proteins and site of maturation
The carbohydrate analysis of NCVPS indicates that this protein, like VP7, is an example of a glycoprotein which is modified in the RER by a-mannosidases and does not reach the Golgi apparatus of the cell where some of the oligosaccharide-trimming enzymes and glycosyltransferases are known to be located. The major processed structures are Man,GlcNAc-and Man,GlcNAc (Fig. 3) . If the prediction that NCVPS is not cleaved during membrane translocation is correct (Both et al., 19836 ; see also Ericson et al., 1983 on this point and as lead reference to rotavirus SA1 l), this unusual non-structural viral glycoprotein would fall into a class similar to bovine rhodopsin and the p62 precursor glycoproteins of Sindbis and Semliki Forest viruses. These proteins also remain uncleaved but become glycosylated at asparagine residues located within their putative signal polypeptides, in the case of the virus molecules, or very close to the N-terminus, in the case of bovine rhodopsin.
Ribophorin, a protein in rat liver, is associated solely with the RER (Marcantonio et al., 1982) and, in a 60min labelling with [3H]mannose, shows a high-mannose oligosaccharide pattern similar to the nascent VSV G protein oligosaccharides (E. E. Marcantonio, M. G. Rosenfeld, J. Hakimi, G. Kreibich & P. H. Atkinson, unpublished work, see Fig. la ). The extent of processing increases with labelling time, until the processed pattern resembles that of viral VP7. The presence of al,2-mannosidases in the RER has been previously observed in thyroid (Godelaine et al., 1981) . We do not yet know if these oligosaccharides are processed in the Golgi apparatus, but we believe not because of the recently reported presence of an a( 1,2)-mannosidase capable of cleaving down to Man,-in the RER of rat liver (Bischoff & Kornfeld, 1983) .
Specificity of a-mannosiduse processing in yeast. Yeast glycoproteins undergo an N-linked glycosylation with an identical Glc3Man,GlcNAc, precursor to that utilized in The spectra show the anomeric hydrogen regions of the spectra at 70°C.
higher eukaryotes. In collaboration with the laboratories of Drs. R. Trimble and F. Maley in Albany, we have analysed the initial biosynthetic steps in the formation of yeast mannans from this precursor. Pulse-chase labelling studies carried out by the Albany group were used to show that processing of this precursor stops at Man,GlcNAc,. 'H-n.m.r. spectroscopy at 360 and 5OOMHz of this compound purified from invertase elucidated its complete structure and showed it to be a homogeneous compound which must have arisen from a specific a( 1,2)-mannosidase digestion of only one of four available 2-0-linked terminal a-mannoses (Fig. 4) . Such spectroscopy was also used to elucidate several of the higher mannose-containing structures which utilize this intermediate. The unique Man,GlcNAc, structure produced in yeast is discernible by comparison with the spectra of closely related compounds from bovine thyroglobulin and the processed yeast invertase Man,GlcNAc, compound. The conclusion that the a(l+3)-linked residue shown in Fig. 46 is the one exposed by this mannosidase is based on this residue's specific interaction, visible in its spectrum, with the N-acetylglucosamine of the dichitobiosyl core residue. When this residue is Man-2-O-substituted, the unique split resonance labelled '7' in Fig. 4 disappears. The subcellular site of this mannosidase is a question of some importance (Byrd et al., 1982) . The spectroscopy together
VOl. 12 with a kinetic analysis shows that removal of a particular terminal a( 1 +2)-linked mannose form Man,GlcNAc by a highly specific a-mannosidase exposes the nascent Mana(l+6)-Man backbone for elongation with additional a( 1 +6)-linked mannose residues.
